Changes in Pectin and Cellulose
during Processing

R. F. McFeeters!

INTRODUCTION

Polysaccharides provide much of the structure which gives a wide
variety of foods desirable textural properties. Cellulose, pectin, and
hemicellulose are the major polysaccharide components in the cell wall
of all plant foods. Due to the complexities of these polysaccharides,
the even greater complexity of the plant cell wall, and numerous ex-
perimental difficulties in working with these polysaccharides, much
remains to be learned in establishing detailed structure—function re-
lationships both for biological and technological functions. However,
there has been rapid progress in understanding the physical and
chemical properties of polysaccharides in recent years. As new infor-
mation and new techniques are applied more intensively to problems
of interest to food technologists, we are likely to see considerable
progress in our understanding of the chemistry of food texture. The
purpose of this chapter is to review recent developments in the chem-
istry of plant cell wall polysaccharides, particularly pectin and cellu-
lose, as they may relate to the texture of fruits and vegetables.

CELL WALL STRUCTURE

There have been major advances in our understanding of plant cell
wall structure during the past 15 years. This progress has been made
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possible by improvements in the methods available to analyze com-
plex polysaccharides. For example, Waeghe et al. (1983) have recently
published procedures which require only 5 ug of starting material to
analyze sugar composition and linkage patterns in cell wall polysac-
charides by using capillary gas chromatography and mass spectros-
copy. Advances are also being made in mass spectrometry of underi-
vatized carbohydrates (Dell et al. 1983) and structural analysis of
complex carbohydrates using both '*C nuclear magnetic resonance
(NMR) (Barker et al. 1982) and proton NMR (Dabrowski et al. 1982),
so that it is now possible to do sequence analysis of complex polysac-
charides (McNeil et al. 1982). Darvill et al. (1980) and McNeil et al.
(1984) have presented detailed reviews of studies of cell wall struc-
ture, particularly of the work in Albersheim’s laboratory. Table 16.1
shows the major components in suspension-cultured sycamore cell walls.

TABLE 16.1. POLYMER COMPOSITION OF THE WALLS OF
SUSPENSION-CULTURED SYCAMORE CELLS

Wall component Weight (%) of cell wall
A. Pectic polysaccharides 34
Rhamnogalacturonan | 7
Homogalacturonan 6
Arabinan 9
Galactan and possible arabinogalactan 9
Rhamnogatacturonan I 3
B. Hemicelluloses 24
Xyloglucan 19
Gilucuronoarabinoxylan 5
C. Cellulose 23
D. Hydroxyproline-rich glycoprotein 19

From Darvill et al. (1980).

Cellulose has a partially crystalline, fibrous structure to provide
the basic structural strength of the cell wall. Pectic polysaccharides
and hemicelluloses constitute an amorphous matrix around the cel-
lulose fibers. Specific structural roles for the individual fractions of
these matrix components remain to be defined. Lamport (1965) origi-
nally suggested that hydroxproline-rich glycoproteins control the ex-
tension of cell walls during plant growth and suggested the name
“extensin” for these glycoproteins. However, their functional role also
remains to be defined (Lamport 1980).

All plant cell walls contain the four major components listed in Ta-
ble 16.1. Monocot plants differ from dicots principally because they
have a much lower content of pectic substances and a higher content
of xylans. From the viewpoint of trying to define basic principles of
cell wall structure and function, Darvill et al. (1980) have emphasized
the similarities of cell wall polysaccharides among higher plants.
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However, if we are to explain the wide variety of textures in fruit,
vegetable, and cereal products, I suspect food technologists will also
have to appreciate the considerable dissimilarities in cell wall com-
position which appear to occur. Table 16.2 is a compilation of the sugar
and uronic acid composition of a variety of fruit and vegetable cell
walls which have recently been analyzed by Voragen et al. (1983) and
Selvendran and co-workers (Selvendran 1983). Within this group of
products, there are large variations in the relative amounts of each
sugar present in the cell wall, with a range of 2.8-fold for glucose to
17.7-fold for xylose. This is an indication of the magnitude of varia-
bility in cell wall components that occur in foods. There may also be
substantial variability in the size, branching, and sugar composition
within the polysaccharide structure. The pectic substances will vary
in degree of carboxyl methylation. In addition, there will be differ-
ences in the amount and types of proteins and lignin present.

It is not surprising, in view of the many possibilities for variation
in cell wall structure, that there is much to be learned about struc-
ture—function relationships. A recent development which may add
another useful tool to the techniques for understanding polysacchar-
ide changes has been the use of 4-methylmorpholine N-oxide (MMNO)
to dissolve cellulose and cell walls. Joseleau et al. (1981) showed that
cellulose dissolved in MMNO underwent little or no degradation, as
indicated by methylation analysis of the dissolved polymer. They also
found that primary cell walls from suspension-cultured plant cells could
be almost completely dissolved in MMNO and then remain in solu-
tion when diluted with dimethyl sulfoxide. This group has recently
utilized MMNO to partially fractionate cell wall components (Cham-
bat et al. 1984). The ability to dissolve these polymers without deg-
radation offers the opportunity to fractionate complex mixtures of po-
lysaccharides in ways that were previously impossible.

By far, the greatest amount of research on the role of cell wall com-
ponents in food texture has been done on pectic substances. As a re-
sult, pectin chemistry will be the major focus of this review. Cellulose
has received little attention. Hemicellulose polysaccharides and cell
wall structural proteins have not been available in sufficient quantity
to even seriously begin investigations into their role in texture and
texture changes in fruits and vegetables.

SUGAR COMPOSITION, SIZE, AND SHAPE OF
PECTIN MOLECULES

Pectin molecules have a backbone of linear chains of galacturonic
acid residues in a-1,4-glycosidic linkages. Rees and Wight (1971) de-
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fined the major conformational characteristics of polygalacturonate
chains. The uronic acid residues have a helical arrangement with ex-
actly three monomers per turn of the helix. The glycosidic oxygen
atom is in an axial position relative to the plane of the monomer. This
has the effect of forming a buckled ribbon conformation (Rees 1977)
which is quite rigid because any rotation about the glycosidic bonds
will cause contact between groups on adjacent residues. The some-
what buckled shape of the molecule is indicated by the fact that the
residue length projected on the helix axis is only 4.35A compared to
a residue length of 5.15 A for glucose residues in cellulose, which has
a more extended ribbon conformation (Gardner and Blackwell 1974).

A general feature of all gel-forming polysaccharides is that they
have structural irregularities which reduce the regularity of inter-
chain associations (Powell et al. 1982). If this did not occur, polysac-
charides such as pectin, alginate, or carageenan would probably form
condensed, insoluble precipitates rather than hydrated gels with vari-
able firmness and rigidity. Irregularities in the structure of pectin are
caused by variable methylation of the carboxyl groups of galacturonic
acid residues, neutral sugar side chains, and occasional rhamnose res-
idues in the main chain of the molecule. Using conformational calcu-
lations, Rees and Wight (1971) found that rhamnose causes a pro-
nounced kink in a chain of galacturonic acid residues (Fig. 16.1). It is
still not known whether rhamnose in pectin has an a- or 8-configura-
tion, but both configurations result in formation of a kink. The dis-
tance between rhamnose kinks is not known with certainty. Indeed,
it could be an important factor in pectin variability among species.
However, Powell et al. (1982) prepared block polymers from citrus,
apple, and sunflower pectin by hydrolysis in 0.25 M H,SO4 at 100°C
for 3 hr. Based upon the relative instability of rhamnosyl glycosidic
linkages compared to galacturonic acid bonds, they suggested that
hydrolysis occurred primarily at rhamnose residues. Since the hydro-
lyzed oligomers had a narrow size range and were about 25 residues
long, it suggests that, in these pectins at least, rhamnose residues are
located about 25 galacturonic acid residues apart.

Except for highly degraded samples, neutral sugars have always
been found in pectin. It is likely that commercial pectin preparations,
which have been used in almost all physicochemical studies on pectin,
will generally contain less neutral sugars than native pectin because
hot acid is normally used for commercial extraction. Table 16.3 shows
the data of Voragen et al. (1983) for the neutral sugars in pectin ex-
tracted from the alcohol-insoluble solids of fruits and vegetables by 5
mM EDTA in cold 50 mM NaOH. Included for comparison are the
data of Fishman et al. (1984A) for a dialyzed sample of commercially
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FIG. 16.1. Effect of inserting a single B-L-rhamnose unit, linked through its 2
position, into a galacturonan chain. The rhamnose residue is located at the point
where the chain kinks.
From Rees and Wight (1971).

prepared pectin. The most notable difference between the commercial
sample and the other pectin extracts is the higher proportion of rham-
nose, suggesting a larger proportion of kinks in the uronic acid chains.
Just as was the case for total cell wall sugars, the relative proportions
of sugars from the different tissues varied over a severalfold range.
Studies on the effects of neutral sugar composition upon the physical
properties of pectin remain to be done.

The molecular weight of pectin preparations has been reported to
vary from 6100 for a commercial sample of citrus polypectate (Fish-
man et al. 1984A) to 366,000 for pectin isolated from unripe peaches
(Shewfelt et al. 1971). Estimates of pectin molecular weights have
been limited by two serious problems. The first is that pectin is nor-
mally tightly held in the cell wall matrix. Therefore, it is likely that
any extracted pectin which can be used for molecular weight deter-
minations is partially degraded. However, there is no way at present
to assess the extent of any degradation which occurs during extrac-
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tion. The second problem is that pectin aggregates in aqueous solu-
tion (Sorochan et al. 1971; Fishman et al. 1984A). The extent of ag-
gregation can be affected by the extent of methylation, presence of
neutral sugars, pH, and ionic strength of the medium. Aggregation
will result in overestimating molecular weights using viscometry, ul-
tracentrifugation, light scattering, or osmometry.

Fishman et al. (1984A) determined the number average molecular
weight for several pectin samples by using *C NMR spectroscopy to
measure the galacturonic acid content and a reducing end group as-
say to determine the number of pectin molecules. Neither of these
determinations should be affected by the aggregation of pectin. Mo-
lecular weights ranging from 6100 to 15,200 were obtained. The ac-
curacy of this procedure would be expected to decrease as molecular
weights increase because the proportion of reducing groups in a sam-
ple will become very small. Fishman et al. (1984B) found a molecular
weight of 6900 using osmometry in 0.05 M NaCl for the same poly-
pectate sample for which a 6100 molecular weight had been obtained
by chemical determination. This indicated that 0.05 M NaCl pre-
vented aggregation of this sample. Unfortunately, there is not a sin-
gle solvent system which will assure the disaggregation of pectin
samples for physical determinations of molecular size.

PECTIN METHYLATION

Table 16.4 indicates that the extent of methyl! esterification of pec-
tin can vary over a wide range in fruit and vegetable tissues. It also
indicates that two procedures which are used to measure esterifica-
tion can give quite different results. However, regardless of the ana-
lytical procedure employed, in no case has completely esterified or
deesterified pectin been isolated from cell walls. Few details of the
mechanism of methylation in vivo are known. At one time, it was
believed that galacturonic acid methyl ester was incorporated into
the galacturonan chain during synthesis (Albersheim and Bonner
1959), but more recent evidence appears to favor methylation after
polymer formation (Kauss and Hassid 1967). S-Adenosylmethionine
is the source of the methyl groups in pectin (Kauss et al. 1969). It is
not known whether, as a general rule, galacturonic acid residues are
methylated randomly or by some defined pattern. However, recent
analysis of the statistical distribution of methyl groups in apple pec-
tin indicates a random distribution of esterified carboxyl groups
(DeVries et al. 1983B). Despite the high level of pectinesterase pre-
sent in the albedo of citrus fruits, a random distribution of methyl
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groups was also found in pectin from lemon (DeVries et al. 1984).
Since pectinesterases from higher plants do a sequential hydrolysis of
methyl groups from pectin to give blocks of demethylated residues
(Rexova-Benkova and Markovic 1976), these results suggest that ga-
lacturonic acid residues may be methylated by a random mechanism.

Chemical procedures have been developed for both esterification and
deesterification of isolated pectin. The most common methylation
techniques are esterification in acidified methanol (Heri et al. 1961)
or use of diazomethane (Pfeffer et al. 1981). There is recent evidence
that diazomethane can also form methyl esters on the secondary hy-

TABLE 16.4. DEGREE OF ESTERIFICATION
OF URONIDES ESTIMATED FROM METHANOL
RELEASE AND COPPER BINDING BY THE
PECTIN FRACTION

Methanol Copper

release a binding
Raspbetries 209 55
Strawberries 60 88
Cherries 36 44
Papaya 56 68
Pineapple 22 25
Mango 78 79
Apple 72 81
Pear 51 61
Carrots 45 63
Cucumber 51 73
Onions 50 . 78

From Voragen et al. (1983).
@ Percentage esterification.

droxyl groups of galacturonic acid residues in pectin (Fishman et al.
1984A). Deesterification is done either by base hydrolysis at 0°C (Powell
et al. 1982) or acid hydrolysis at room temperature (Speiser et al. 1945).
Base hydrolysis is much more rapid, but chain scission may occur
unless the temperature is carefully controlled. All of the chemical
techniques result in a random distribution of methyl groups. The only
selectivity that has been observed is that when a partial alkaline
deesterification of pectin is carried out by reducing the temperature
and limiting the reaction time, the free carboxyl groups released will
be located between methyl groups whenever possible. The conse-
quence of this pattern is that at 50% esterification of the carboxyl
groups, there will be alternating free and methylated carboxyl groups
(Deuel et al. 1953; Katchalsky and Feitelson 1954).
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PECTIN IONIZATION AND ION BINDING

Many of the properties of pectins in plant cell walls and in pro-
cessed foods are greatly affected by the ionization of free carboxyl
groups and by the binding of metal ions. The experimental pK, values
of the free carboxyl groups of pectic acid (=0.1% solution) vary from
3.6 to 4.1 as the pectic acid is titrated from the fully protonated form
to the completely deprotonated form (Fig. 16.2; Cesaro et al. 1982).
The apparent pK, of D-galacturonic acid is 3.52. Thus, in low-acid
foods the carboxyl groups of pectin will be completely ionized. How-
ever, in acid foods such as fruits or pickled vegetables, a large frac-

tion of the carboxyl groups will be protonated and unavailable for

ionic cross-linking by cations.
The ability of pectin to interact with metal ions, particularly cal-
cium ions, is a major factor in its behavior in processed foods. Kohn
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FIG. 16.2. Dependence of the apparent pK, on the fraction of ionized carboxyl
groups (a) for an aqueous solution of pectic acid titrated with 5.0x 1073 (O);
6.3x107% (A); 2.13x 1072 (0) equivalent /liter, respectively. The experimental
pK. value of D-galacturonic acid is 3.52. The vertical bar represents the esti-
mated error on the absolute value of pK,.

From Cesaro et al. (1982).
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